Abstract: This study analyzed the effect of high-energy milling (HEM) and subsequent isothermal annealing on the microstructural characteristics of a prealloyed AZ91 Mg alloy powder. To this end, the mentioned powder was milled for 14 h using a horizontal attritor. Then, the mechanically milled powder was isothermally annealed at temperatures ranging from 200 1C to 500 1C for 1 h up to 4 h in an Ar atmosphere. HEM caused the b-Mg 17 Al 12 phase present in the microstructure of AZ91 powder particles to dissolve into their a-Mg solid solution matrix. In addition, the crystallite size of the a-Mg phase decreased to 25 nm through HEM. In contrast to the annealing time, the temperature of isothermal annealing had a significant effect on the microstructural features of the mechanically milled AZ91 powder.
Introduction
Mg alloys have received considerable attention as a structural material in recent years due to their interesting properties, such as low density, high strength-to-weight ratio, good damping characteristics, superior machinability, and excellent castability [1] . Most of the research and development on Mg alloys has been performed by the automotive industry; and die casting has been the main manufacturing route for Mg products because of the poor workability of Mg at room temperature, which is a result of its HCP crystal structure [2, 3] .
Although the market for Mg products continues to grow, many opportunities remain untapped because of the low stiffness and strength of Mg alloys [4] . Due to the limited number of slip systems of Mg and its correspondingly large Taylor factor, grain refinement remarkably improves the mechanical properties of Mg and its alloys. It is well known that the fine-grained Mg alloys exhibit an interesting combination of high strength and high ductility at room temperature and superplasticity at elevated temperatures [5, 6] .
In the 1960s, high-energy milling (HEM) was first developed by Benjamin and his co-workers to fabricate oxide-dispersionstrengthened (ODS) nickel-based superalloys [7] . In recent years, this technique has been widely exploited for the production of nanostructured materials. Grain sizes with nanometer dimensions have been observed in almost all mechanically milled pure metals, alloys, and intermetallics [8, 9] .
Although the processing of nanostructured light materials, such as Al alloys and composites, by HEM has been the subject of many studies [10] [11] [12] , studies on the HEM of Mg and its alloys are scarce. However, processing by HEM also has considerable potential for Mg alloys because fine-grained Mg alloys have a unique combination of properties. Among all of the existing Mg alloys, AZ91 is the most widely used alloy in industry [13] . Therefore, this study focused on the fabrication of a nanostructured AZ91 Mg alloy by HEM. Furthermore, as the mechanically milled powders are then consolidated by powder metallurgy (PM) routes, such as cold pressing and sintering, powder extrusion, powder forging, and powder rolling, the microstructural evolution of the milled AZ91 powder during subsequent consolidation processes at high temperatures was also studied by isothermal annealing at different temperatures.
Materials and methods
The raw material used for this study was a pre-alloyed Mg-Al-Zn powder (Ecka Granules, Germany) with a chemical composition equivalent to that of AZ91 D alloy (8.8 wt% Al, 0.6 wt% Zn, 0.2 wt% Mn, 0.03 wt% Si, and the balance Mg). The above-mentioned powder was milled in a horizontal attritor (CM01 Simoloyer, ZOZ, Germany) using the following milling parameters: ball-to-powder weight ratio-20/1; ball diameter-5 mm; ball material-AISI 420 stainless steel; milling time-14 h; milling speed-700 rpm; and milling atmosphere-Ar. Stearic acid (2 wt%) was also employed as the process control agent (PCA). Special precautions should be taken during unloading of the Mg-based powders after HEM. Immediately after milling, the milled powder is hot (or at least warm) and therefore the lid should not be immediately opened. Furthermore, after opening the lid and prior to unloading, the milled powder must be exposed to atmosphere for a couple of hours. Otherwise, the powder may catch fire during unloading because of interaction with the oxygen. The isothermal annealing of the mechanically milled AZ91 (MM AZ91) powder was then performed at annealing temperatures of 200 1C, 300 1C, 400 1C, and 500 1C for annealing times of up to 4 h in an Ar atmosphere.
The microstructural evolution and phase changes of AZ91 powder through HEM and subsequence isothermal annealing were studied by X-ray diffractometry (XRD). In addition, the crystallite size of the a-Mg solid solution matrix of MM AZ91 powder particles was determined from the broadening of XRD peaks using the Williamson-Hall method.
Results and discussion
Mechanical milling: The particles of AZ91 powder possessed an irregular, flake-like morphology ( Fig. 1(a) ) with an average particle size of 105 mm and a very broad size distribution (D 0.9 -D 0.1 ¼183 mm). This morphology is typical of Mg-based powders produced by the mechanical grinding of casting ingots.
The MM AZ91 powder ( Fig. 1(b) ) exhibited an equiaxed morphology, which implies that the employed milling time, i.e. 14 h, was sufficient for the milling process to reach its steady state, in which there is a balance between the cold welding and fracturing of powder particles. The average particle size and size distribution (D 0.9 -D 0.1 ) of MM AZ91 powder were measured to be 37 mm and 100 mm, respectively, suggesting that the milling process had a remarkable effect on the particle size characteristics of AZ91 powder.
The XRD patterns of AZ91 and MM AZ91 powders are presented in Fig. 2 . The microstructure of the AZ91 powder particles was composed of the b-Mg 17 Al 12 precipitates and the a-Mg solid solution matrix. This structure is typical of AZ91 castings [14] . HEM remarkably affected the intensities and widths of the diffraction peaks of the a-Mg phase, and the mentioned peaks became weaker and wider through HEM. This phenomenon can be attributed to the reduction in particle size, the refinement of crystallite size, and the enhancement of lattice strain, all promoted by the severe plastic deformation of the AZ91 powder particles during HEM. Moreover, the diffraction peaks of the b-Mg 17 Al 12 phase are barely detectable in the XRD pattern of MM AZ91 powder, which can be related to the dissolution of the b-Mg 17 Al 12 phase in the a-Mg matrix of the powder particles.
Another possibility is that HEM caused the b-Mg 17 Al 12 phase to be refined into very small dispersoids distributed in the a-Mg phase, which are hardly detectable by XRD. The grain sizes of AZ91 casting products normally range between 10 mm and 150 mm [14, 15] . The AZ91 powder used for this study had been produced by the mechanical grinding of AZ91 casting ingots. Considering the production method and the average particle size of the employed AZ91 powder (105 mm), it can be concluded that the grains of this powder should have had micrometer dimensions. The crystallite size and lattice strain of MM AZ91 powder were calculated to be 25 nm and 0.53%. A high lattice strain implies that the AZ91 powder particles went through severe plastic deformation during the HEM process and, as a result, contained a high density of microstructural defects. The values obtained for crystallite size and lattice strain are in good agreement with those previously reported for high-energy milled Al-based powders [10, 16] . Various models have been proposed to describe the mechanism of formation of nanostructures by HEM [9] .
Isothermal annealing: The XRD patterns of MM AZ91 powder annealed for 1 h at 200 1C, 300 1C, 400 1C, and 500 1C are shown in Fig. 3(a) . The displacement of the a-Mg (101) diffraction peak through the annealing of MM AZ91 powder at the abovementioned temperatures is also illustrated in Fig. 3(b) . As shown in Fig. 3 The XRD patterns of MM AZ91 powder annealed at 300 1C for 1-4 h are illustrated in Fig. 4(a) , showing that all of the microstructural changes for MM AZ91 powder occurred in the first hour of annealing, after which no significant microstructural change was detectable. This can be attributed to the high diffusion rates of alloying elements in the a-Mg solid solution matrix of MM AZ91 powder particles, promoted by the high density of structural defects and grain boundaries present in the microstructure of MM AZ91 powder particles.
The crystallite size of MM AZ91 powder annealed at 300 1C for 4 h was determined to be 80 nm (Fig. 4(b) ), suggesting that the nanostructured AZ91 alloy processed by HEM had a good thermal stability. This favorable thermal stability could result from the homogenous distribution of nanosized Mg oxides and carbides in the structure of MM AZ91 powder particles. The surfaces of Mg-based powders are covered with a thin, stable oxide layer of 3-5 nm [17] , which can be fragmented and introduced into the structure of powder particles by HEM. Moreover, Mg may react with PCA and form nanosized Mg carbides during HEM. LECO measurements confirmed that the oxygen and carbon content of AZ91 powder increased from 0.015 wt% and 0.012 wt%, respectively, to 0.045 wt% and 1.52 wt% through mechanical milling. The growth of MM AZ91 grains at high temperatures can then be hindered by the Mg oxide and carbide dispersoids.
Conclusions
This study investigated the morphological and microstructural evolution of a pre-alloyed AZ91 powder through HEM and subsequent isothermal annealing. The milling process significantly changed the morphology and size distribution of the AZ91 powder. In addition, the microstructure of the AZ91 powder However, annealing at 400 1C for 1 h was sufficient for the complete dissolution of b-Mg 17 Al 12 precipitates in the a-Mg matrix of MM AZ91 powder particles. The nanostructured AZ91 alloy processed by HEM showed a good thermal stability, retaining its crystallite size of less than 100 nm after the annealing of MM AZ91 powder at 300 1C for 4 h.
